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In order to identify potential hydrogen storage materials, worldwide attention has been focused
on hydrides with high gravimetric and volumetric capacity. Hydrogen is a unique element that
possess positive, negative or neutral oxidation state in solids depending upon the chemical envi-
ronment. If one can find hydrogen storage materials where hydrogen is present in both negative
and positive oxidation state within the same structural framework then one can accommodate
hydrogen with high volume density. So, it is fundamentally as well as technologically important
to identify compounds in which hydrogen is in amphoteric nature and understand the necessary
criteria for its origin. The experimental structural analysis of Cyclotriborazane and Diammonium
dodeca hydro−closo−dodecaborate insinuate the presence of hydrogen with anionic and cationic
behavior within the same structure. In order to understand the role of van der Waals (vdW) inter-
actions on structural parameters, we have considered 12 different vdW corrected functionals and
found that the optPBE−vdW functional predicts the equilibrium structural parameters reliably with
less than 0.009 % accuracy. So, the optPBE-vdW functional is used to calculate charge density,
electron localization function, total as well as the partial density of state, Bader and Born effective
charge etc. We have observed that hydrogen is exhibiting amphoteric behavior with H closer to B
in the negatively charged state and that neighboring to N is in a positively charged state.
1 Introduction
In the present scenario, hydrogen energy is considered as one of
the environmental friendly renewable energy technologies which
can provide electricity and fuel for various applications. Hydro-
gen is an ideal energy carrier, as it is non−polluting and gives up
its electrons upon oxidation to form harmless water. Although
it is the most abundant element in the universe, elemental hy-
drogen is not present in great quantities on earth. One of the
most challenging problems in this field is to store hydrogen with
a sufficient gravimetric as well as volumetric capacity. The over-
all requirements to use hydrogen storage materials for practical
room−temperature applications are summarized as gravimetric
capacity of >6 wt% and volumetric capacity >50 Kg/m3)1–4
apart from good kinetics, reversibility, and desorption tempera-
ture to be just above room temperature. To overcome the techni-
cal limitation associated with storing hydrogen efficiently, recent
a Department of Physics, School of Basics and Applied Science, Central University of
Tamil Nadu, Thiruvarur, India. Tel: 8300178007; E-mail:raviphy@cutn.ac.in
b Simulation Center for Atomic and Nanoscale MATerials (SCANMAT), Central Univer-
sity of Tamil Nadu, Thiruvarur, India.
c Center for Materials Science and Nanotechnology and Department of Chemistry, Uni-
versity of Oslo, Box 1033 Blindern, N0315, Norway.
research has focused on solid-state storage through chemical in-
teractions, which is a viable approach. The solid-state storage
materials have got tremendous attention since it is the only solu-
tion to achieve the required gravimetric and volumetric density.
The solid−state storage materials include metal hydrides5, inter-
metallic hydrides6, complex hydrides7, and chemical hydrides8.
In comparison, complex hydrides have good hydrogen storage ca-
pacity with promising properties such as lightweight, high volume
density, etc. But they lack reversibility and posses high decom-
position temperature as well as slow kinetics those remain the
problem to use them on a wide scale. However, Bogdanovic´ and
Schwickardi9 reported that the kinetic and reversible character-
istics of complex hydrides can be increased by doping selected
catalysts.10–12. Based on the Bogdanovic´, and Schwickardi9 sug-
gestion Khan et al.13 investigated the effect of doping of TiCl3,
Nb2O5, PbCl2 and CeCl3 on sodium alanate (NaAlH4) towards its
hydrogen storage properties. They concluded that doping vari-
ous catalysts in NaAlH4 enhances the reversibility and kinetics.
Though the kinetics and reversible characteristics are improved
by doping of selective catalysts in alanates, Resan et al.14 found
that the following catalysts (TiCl4 and TiCl3) doping on lithium
alanate (LiAlH4) results in decreased amount of desorbed hydro-
gen due to the non−occurrence of the first step of hydrogen re-
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lease. So, despite alanates have good hydrogen storage capacity,
further improvement in hydrogen storage properties are needed
to use them for commercial applications.
On the other hand, borohydrides ([BH4]−) are also consid-
ered to be the promising candidates for hydrogen storage ap-
plications. Kim et al.15 reviewed the hydrogen sorption prop-
erties of TiCl3 −catalyzed Ca(BH4)2 which was prepared by us-
ing high energy ball milling and found that the rehydrogenation
conditions are alleviated compared to those of catalyzed doped
LiBH4. The above work clearly indicates that Ca(BH4)2 has con-
siderable potential as the reversible hydrogen storage material.
Also, Kim et al. suggested that more work is required to achieve
full reversibility at more moderate conditions by adopting more
effective catalysts or solid−state reactions. Inevitably, Rude et al.
16 reviewed about the ways to improve the kinetic and thermo-
dynamic properties in borohydrides and recommended the fol-
lowing (i) anion substitution, (ii) reactive hydride composites,
and (iii) nano−confinement of hydrides and chemical reactions.
Finally, Rude et al. proposed that the anion substitution may
lead to new solid solutions. Reactions between different hy-
drides are an efficient way to tailor the reaction thermodynamics.
Nano−confinement is an emerging powerful technique for tailor-
ing kinetic and thermodynamic properties of chemical reactions
for a variety of purposes. In order to design novel borohydrides,
we have to select a suitable metals that may tailor the hydrogen
release temperature. From the above observations, it is clear that
the overall requirements for efficient hydrogen storage are not yet
formulated.
Amides and Imides are also classified under the complex hy-
drides. Lithium amides/imide materials have the presumption
over the storage of hydrogen because of their ability to promote
condensation reactions such as the introduction of amino groups
into a molecule and removal of constituents of water.17,18 Chen
et al.12 first declared that Li−N−H and Ca−N−H systems pro-
vide feasibility for reversible hydrogen storage. However, to meet
practical applications at more moderate temperatures with im-
proved chemical stability, further works are needed regarding bet-
ter material design, engineering, and mechanistic understanding.
Later Luo19 proclaimed that (LiNH2 − MgH2) is a viable hydro-
gen storage system after partial substitution of Li by Mg and it
destabilizes lithium amide hydride system significantly accord-
ing to the thermodynamic investigation on this system. LiNH2
− MgH2 is a new hydrogen storage material, which can absorb
hydrogen reversibly at a hydrogen pressure of 32 bar and temper-
ature 200◦ C. This material is promising for on−board hydrogen
storage, especially for fuel cells in vehicle transport. Hui wu20
studied the hydrogen desorption and absorption in amide−metal
hydride mixture and found that the dehydrogenation mechanism
involves mobile small ions in both amide and metal hydrides and
also explained the hydrogen storage mechanism for the ternary
imide Li2Ca(NH)2. These results demonstrate that the mobility of
small ions in the mixed amide/metal hydride system has a great
impact on the hydrogen storage properties.
Simultaneously, ammonia has the greater attraction towards
the energy storage applications due to its ability to store high
weight percentage of hydrogen. Klerke et al.21 briefly discussed
about ammonia as a hydrogen carrier. The presence of ammo-
nia in metal amine salts maintains the high volumetric hydrogen
density and in addition to this, it is an attractive alternative which
can solve many issues for hydrogen storage materials such as fast
kinetics, high hydrogen storage capability, high availability, and
low cost. Its less attractive side as a hydrogen carrier include the
current methane−based production of ammonia without carbon
sequestration and the toxicity of the liquid.
Corfield et al.22 first discussed about the crystal structure of cy-
clotriborazane (BH2NH2)3 in 1972. Similarly, Yang et al.23 stud-
ied the crystal structure of fully deuterated BH3NH3 using neu-
tron diffraction and revealed the differences in the crystal struc-
ture of BD3ND3 from BH3NH3.24–29 Anion complexes present in
complex hydrides prefers a negative oxidation state for hydro-
gen. However, in most of the other hydrogen storage materials
hydrogen is present in positive oxidation state (H+1) and based
on structural analysis we have found that more than 85% of
the known hydrides contain hydrogen in positive oxidation state.
30–34 Further, if all the hydrogen in a solid exhibit same oxidation
state, due to the Coulomb repulsion between hydrogen in same
charge state, they stay apart from each other and hence the in-
teratomic distance between the hydrogen ion in metals is 2 Å or
more with few exceptions.35,36 This limits the volumetric density
of hydrogen in solids.
If one identifies the hydrides in which hydrogen is in both nega-
tive and positive oxidation states, then due to Coulomb attraction
of H+ and H− ions in such system, one can increase their gravi-
metric as well as the volumetric hydrogen density. Moreover, if
one understand the origin of the presence of amphoteric hydro-
gen in the same structural frame−work in stable condition, this
will pave the way to design potential hydrogen storage materi-
als. Typically, hydrogen has the nature to form compound either
with the electronegative elements (F, N, O, Br, and Cl) or with
the electropositive elements (Li, Na, K, Mg etc.). Hence, the hy-
drogen is in the negative or positive oxidation state alone within
the same structural frame−work except in a few cases where it
is believed to exist in both oxidation states. Based on experimen-
tal structural analysis it is concluded22 that hydrogen is in both
+1 and −1 oxidation states within the same compound sometime
and two of such systems are considered in the present study. If the
hydrogen is present in the amphoteric state within the same struc-
tural frame−work, it is of great fundamental interest and techno-
logical significance and hence, we have envisaged to carry out
investigations on the chemical bonding between constituents in
(BH2NH2)3 and (NH4)2(B12H12) systems where it is interpreted
that hydrogen is exists in amphoteric state. The theoretical under-
standing of the behavior of amphoteric hydrogen (+1 and −1)
and its origin will helpful to design potential hydrogen storage
materials with high volumetric density. For example, the volume
density for (BH2NH2)3 and (NH4)2(B12H12) are 134.50 g H2/L
and 130.18 g H2/L, respectively and this value are higher than
that of the state−of−the−art hydrogen storage materials such
as MgH2(109 g H2/L),37 LiBH4 (121 g H2/L),38 NaAlH4 (52 g
H2/L),39 Mg(NH2)2 (66 g H2/L),40 and NH3BH3 (96 g H2/L)41.
Due to the presence of high volumetric density in (BH2NH2)3 and
(NH4)2(B12H12), they can be considered as potential hydrogen
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storage materials. This motivated us to undertake the structural,
electronic structure, chemical bonding, and total energy calcula-
tions for these compounds using a computational method based
on density functional theory (DFT).
2 Computational Details
We have used DFT42 within the generalized gradient approx-
imation (GGA)43,44 as implemented in the PAW method with
plane wave basis set in the Vienna ab initio simulations pack-
age(VASP)45. The structural optimization was continued un-
til all atoms obtained their equilibrium positions as specified
by Hellmann−Feynman forces of less than 10−3 eV Å−1 act-
ing on the atoms. The Brillouin Zone integrations were per-
formed with Monkhorst pack method for structural optimiza-
tion and tetrahedron method to obtain density of states. All
the calculations were performed with the 5× 5× 2 and 4× 4×
4 k−point mesh for (BH2NH2)3 and (NH4)2(B12H12), respec-
tively. In order to ensure well converged basis set, the plane
wave cut−off of 400 eV was used for both (BH2 NH2)3 and
(NH4)2(B12H12). The bonding, non−bonding, and anti−bonding
states orginating from the bonding interaction between con-
stituents were obtained using the Crystal Orbital Hamiltonian
Population (COHP) analysis with LOBSTER package.46 More-
over, the Born effective charges and Bader effective charges
were calculated utilizing the VASP package. To account the
weak van der Waals interaction between molecule−like struc-
tural sub−units we have used vdW−corrected DFT method. In
order to check the predicting capability of various vdW function-
als, equilibrium bond lengths and dispersion behaviour of total
energy curve were obtained using various van der Waals func-
tionals implemented in the VASP code such as, revPBE−vdW,
rPW86−vdW, optPBE −vdW, optB88−vdW, optB86b−vdW,47–52
DFT−D2−vdW, DFT−D3−vdW, 53–55 TS−vdW, TS+SCS−vdW,
TS−HI−vdW,56–60 MBD−vdW and dDsC−vdW61–64. The total
energy was calculated as a function of volume using force as well
as stress minimization in each point to estimate the equilibrium
volume and also check the dispersion behavior of total energy vs
volume curves.
2.0.0.1 Theoretical models to account van der Waals inter-
actions There are several van der Waals functionals were intro-
duced in density functional theory to account for van der Waals
interactions in solids. Among the various functionals introduced,
the van der Waals functional proposed by Dion et al. 47 for the
exchange correlation term is
Exc = EGGAx +E
LDA
c +E
nl
c (1)
where the exchange energy, EGGAx is obtained from the GGA func-
tional proposed by Perdew−Burke−Ernzerhof (PBE)43 and the
correlation energy, ELDAc is obtained from the local density ap-
proximation. The term Enlc is the non−local energy term which
accounts approximately for the non−local electron correlation ef-
fects. Román−Pérez and Soler 48 have replaced the double spa-
tial integral into fast Fourier transforms, this speeds up the com-
putational time. In the D2 method of Grimme 53, the correction
term takes the form:
Edisp =−
1
2
Nat
∑
i=1
Nat
∑
j=1
∑
L
′C6i j
r6i j,L
fd,6(ri j,L) (2)
where the summations run over all atoms Nat and all translations
of the unit cell L = (l1, l2, l3), the prime indicates that i 6= j for
L=0, C6i j denotes the dispersion coefficients for the atom pair
i j, ri j, L is the distance between atom i located in the reference
cell L=0 and atom j in the cell L, and the term f(ri j) is a damp-
ing function whose role is to scale the force field to minimize the
contributions from interactions within typical bond distances 53.
In practice, the terms in eq 2 corresponds to interactions over dis-
tances longer than a certain suitably chosen cut-off radius, which
contributes only negligibly to the Edisp and can be ignored. Pa-
rameters, C6i j and R0i j are computed using the following combi-
nation rules:
C6i j =
√
C6iiC5 j j (3)
R0i j = R0i+R0 j. (4)
The values of C6ii and R0i are tabulated for each element and are
insensitive to the particular chemical situation (for instance, C6
for carbon in methane takes exactly the same value as that for C
in benzene within this approximation). It may be noted that in
the original method of Grimme, Fermi−type damping function is
used as follows:
fd,6(ri j) =
S6
1+ e−d(ri j/(SRR0i j)−1)
(5)
where the global scaling parameter S6 has been optimized for
different DFT functionals such as PBE, BLYP and B3LYP takes the
values 0.75, 1.2 and 1.05, respectively and the parameter SR is
usually fixed as 1.00. In the D3 correction method of Grimme et
al.54,55 the following vdW-energy expression is used :
Edisp =−
1
2
Nat
∑
i=1
Nat
∑
j=1
∑
L
′
(
fd,6(ri j,L)
C6i j
r6i j,L
+ fd,8(ri j,L)
C8i j
r8i j,L
)
(6)
Unlike in the D2 method, the dispersion coefficients, C6i j are
geometry-dependent as they are adjusted on the basis of local
geometry (coordination number) around atoms i and j54. In the
zero damping D3 method (D3(zero)), damping of the following
form is used:
fd,n(ri j) =
Sn
1+6(ri j/(SR,nR0i j))−αn
(7)
where R0i j =
√
C8i j
C6i j
, the parameters of α6, α8, SR,8 are fixed
to have the values of 14, 16, and 1, respectively and S6, S8,
and SR,6 are adjustable parameters whose values depend on the
choice of exchange−correlation functional. The dispersion term
alone varies for other van der Waals functionals such as the
TS−vdW56, TS+SCS−vdW57, TS−HI−vdW58–60, MBD−vdW61
and dDsC−vdW 62–64.
The expression for the dispersion energy within the method of
Tkatchenko and Scheffler (TS−vdW) is formally identical to that
of the DFT−D2−vdw method eq 2. The important difference is
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that the dispersion coefficients and damping function are charge
density dependent. Still the TS−vdW fails to describe the struc-
tural parameters and energetics of ionic solids. This problem
can be solved by replacing the convectional Hirshfeld partitioning
used to compute properties of interacting atoms by the iterative
scheme proposed by Bultinck65. In such case, the dispersion en-
ergy (TS+SCS−vdW) is computed using the same equation as in
the original TS−vdW method but with corrected parameters CSCS6ii ,
αSCSi , and R
SCS
0i . The many−body dispersion energy method (MBD
rsSCS) of Tkatchenko et al.57,61 is based on the random phase ex-
pression of correlation energy. In this method, ploarizability, dis-
persion coefficients, charge, and charge−overlap between atoms
in molecules or in solids are computed on the basis of a simplified
exchange−hole dipole moment formalism, pioneered by Becke
and Johnson64.
Using the above 12 van der Waals functionals we have calculated
the total energy as a function of volume for (BH2NH2)3 as well
as (NH4)2(B12H12) and the results were compared to identify the
suitable van der Waals functional to study similar materials.
3 Results and Discussion
3.1 Structural Description
The crystal structure of Cyclotriborazane (BH2NH2)3 is or-
thorhombic with space group of Pbcm (space group no 57)22
as shown in Fig. 1(a). In this structure the boron and nitro-
gen atoms are arranged alternative to one another like a benzene
ring and also each boron as well as nitrogen atoms are bonded
to two hydrogen atoms. Similarly, Fig. 1(b) shows the crys-
tal structure of Diammonium dodeca hydro−closo−dodecaborate
(NH4)2(B12H12) which stablizes in the face center cubic (FCC)
structure with the space group of Fm3 (space group no. 202).66
In this crystal structure each nitrogen atom is tetrahedrally
bonded with four hydrogen atoms and form molecular−like struc-
tural sub−units as shown in Fig. 1(b). The boron atoms are
covalently bonded with five neighboring boron atoms and also
with one isolated hydrogen atom making a dodecohedron re-
sulting isolated cage−like molecular structural sub−units. The
structural analysis of these compounds shows that, all the borons
are bonded to hydrogen in negative oxidation state H(−1).
Similarly, the nitrogens are bonded to hydrogen with positive
oxidation states H(+1). From the computationally optimized
crystal structure using optPBE−vdW functional the estimated
bond distance between H(−1)−B is 1.2 Å whereas, that be-
tween H(+1)−N is 1.0 Å(see Table 1). The bond distance be-
tween the H(−1)−H(+1) in these compounds ranges from 1.9 to
2.2 Å.67–69
We have optimized the atomic coordinates and unit cell pa-
rameters globally using stress as well as force minimization with
various exchange correlation functionals, and thus identified the
equilibrium cell volume, atomic coordinates, and unit cell dimen-
sions which are listed in Table 2 along with available experimental
values. The optimized equilibrium structural parameters are ob-
tained by varying the unit cell volume between −15% to +15%
from experimental equilibrium volume with the step of 5% and
relaxed all atomic coordinates and unit cell dimensions globally
Fig. 1 Crystal structure of (BH2NH2)3 and (NH4)2(B12H12) are given in
(a) and (b), respectively. The hydrogen with positive and negative oxida-
tion states are depicted in red and green colour, respectively. The bond
lengths are given in Å
for each volume. Fig. 2 illustrates the resulting total energy
vs volume relation for the considered systems (BH2NH2)3 and
(NH4)2(B12H12) in Fig. 2(a) and 2(b), respectively. The equilib-
rium volume and bulk modulus were extracted from the calcu-
lated energy vs cell volume curves by fitting them to the universal
equation of state proposed by Vinet et al.70,71 and are virtually
the same when obtained by fitting to Brich72 and Murnaghan73
equation of states. From the Fig. 2 we can observed that the to-
tal energy vs volume curve obtained from GGA calculation is (i.e.
without vdW correction) overestimated with respect to experi-
mental value by about 4.40%. However, if one consider the van
der Waals interaction to the calculation, the equilibrium volume
obtained from total energy vs volume curve is deviated compared
with experimental values by −9.58% to 6.5 % (see Table 3) de-
pending upon the vdW functional we have used.
The calculated total energy vs cell volume curve for (BH2NH2)3
and (NH4)2(B12H12) obtained using the 12 vdW−functionals
also given in Fig. 2. Among this 12 functionals revPBE−vdW,
rPW86−vdW, optPBE−vdW, optB88−vdW, and optB86b−vdW
vdW are suggested based on vdW−DF2 of Langreth and
Lundqvist with five different exchange correlation function-
als. Among these five functionals, the rPW86−vdW functional
predicted the equilibrium volume much closer to experiment
(deviation 0.63% for(BH2NH2)3 and 3% for (NH4)2(B12H12))
than that from all the other functionals. Followed by this,
the optPBE−vdW functional give the equilibrium volume closer
to experiment (deviating −1.05% for (BH2NH2)3 and 0.8%
for (NH4)2(B12H12)). On the other hand, the other seven
vdW− correction methods considered in the present study such
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Table 1 The equilibrium bond length (in Å) between constituents in
(BH2NH2)3 and (NH4)2(B12H12) obtained from Generalised Gradient Ap-
proximation(GGA) as well as van der Waals functional (optPBE−vdW)
are compared with corresponding experimental values 22,66
Compound Name Bonds Bond Length(Å)
Experimental GGA optPBE−vdW
(BH2 NH2)3 H1−B1 1.085 1.201 1.220
H2−B1 1.107 1.221 1.218
H5−B2 1.084 1.217 1.219
H6−B2 1.116 1.218 1.220
H3−N1 0.882 1.036 1.025
H4−N1 0.886 1.029 1.024
H7−N2 0.874 1.032 1.025
H8−N2 0.886 1.035 1.025
(NH4)2(B12 H12) H1−B 1.147 1.202 1.206
H2−N 0.848 1.035 1.040
Fig. 2 The total energy vs volume curve for (BH2NH2)3 and
(NH4)2(B12H12) are given in (a) and (b), respectively obtained from
vdW−correction included functionals.
as DFT−D2−vdW, DFT−D3−vdW, TS−vdW, TS+SCS−vdW,
TS−HI−vdW, MBD−vdW, and dDSc−vdW; the DFT−D3−vdW
shows lowest deviation in predicting equilibrium volume (deviat-
ing −5.7% for (BH2NH2)3, and −2.83 % for (NH4)2(B12H12). So,
for clarity we have displayed the total energy vs volume curves us-
ing optPBE−vdW and DFT−D3−vdW functionals along with that
obtained from the GGA calculation in Fig. 3. From these studies
we found that rPW86−vdW and optPBE−vdW are more appro-
priate to predict structural properties of molecular−like hydrides
such as (BH2NH2)3 and (NH4)2(B12H12). However, optPBE−vdW
yield overall good agreement with experimental equilibrium vol-
ume than other functionals for both systems and hence this was
used for further analysis. Also, the 4.40% overestimation of equi-
librium volume by GGA calculation clearly indicates the impor-
tance of including van der Waals correction to predict the struc-
tural properties of these systems reliably.
3.2 Density of States Analysis
In order to understand the electronic structure and chemical
bonding present between the constituents in (BH2NH2)3 and
(NH4)2(B12H12), the total density of states (TDOS) obtained from
GGA and optPBE−vdW for (BH2NH2)3 and (NH4)2(B12H12) are
given in Fig. 4 (a) and (b), respectively. From these figures, it
Fig. 3 The total energy vs volume curves for (BH2NH2)3 and
(NH4)2(B12H12) are given in (a) and (b), respectively obtained
from ab−inito calculation using GGA, optPBE−vdW, and DFT−D3
vdW−correction functionals.
is clear that both these compounds posses insulating behavior as
there is wide band gap present between valence band maximum
(VBM) and conduction band minimum (CBM). For (BH2NH2)3
the band gap value estimated from GGA calculation is 5.55 eV
and that estimated from optPBE−vdW is 5.44 eV. Similarly, for
(NH4)2(B12H12) the band gap value estimated from GGA and
optPBE−vdW are 5.06 eV and 4.74 eV, respectively. From DOS
analysis we found that the band gap obtained from GGA is always
higher than that obtained from optPBE−vdW. If we compare the
TDOS distribution for (BH2NH2)3 and (NH4)2(B12H12), we found
that (NH4)2(B12H12) has more molecular−like narrow band be-
havior. In the case of (BH2NH2)3 the VB comprise of three dis-
tinct DOS distributions centered around −7 eV, −3 eV, and −1 eV.
These VB states are mainly originating from hybridized bands
of N−p, H−s, and B−p states. In the case of (NH4)2(B12H12),
the VB contain four distinct DOS distributions centered around
−8.5 eV, −5 ev, −2.5 eV, and −0.5 eV energies. The lowest en-
ergy peak at −8.5 eV is originating from the hybridized bands of
N−p, H(+1)−s states. The VB states at −5 eV is contributed by
p−states of both B and N and the s−states of both the hydro-
gen. So, the VB is contributed by all the four constituents. The
DOS distribution around −2.5 eV and −0.5 eV are mainly origi-
nated from B−p and H(−1)−s electrons. Further, the CBM ob-
tained from optPBE−vdW is shifted to about 0.11 eV and 0.32 eV
for (BH2NH2)3 and (NH4)2(B12H12), respectively with respective
to that from GGA towards lower energy. However, the overall
DOS distribution obtained from GGA and optPBE−vdW are con-
sistent with each other for both (BH2NH2)3 and (NH4)2(B12H12)
indicate that the intra−molecular interaction are not significantly
changed by optPBE−vdw functional. If we analyze the DOS dis-
tribution in the CB of both these compounds, we have found that
the molecular−like DOS features are disappeared and the DOS
distribution is similar to that of 3D inorganic crystals.
Let us now analyze the partial density of states (PDOS) for
(BH2NH2)3 and (NH4)2(B12H12) obtained from optPBE−vdW in
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Table 2 The optimized atom positions at the equilibrium volume obtained from generalized gradient approximation(GGA) and van der Waals functional
(optPBE−vdW) for (BH2NH2)3 and (NH4)2(B12H12)are compared with corresponding experimental values reported in 22,66
Compound (structure type; space group) Wyckoff position Experimental GGA optPBE−vdW
(BH2 NH2)3;Pbcm B1(4d) 0.148, 0.115, 0.250 0.144, 0.119, 0.250 0.137, 0.117, 0.250
H1(4d) 0.902, 0.118, 0.250 0.843, 0.114, 0.250 0.861, 0.122, 0.250
H2(4d) 0.248, 0.199, 0.250 0.236, 0.222, 0.250 0.251, 0.208, 0.250
B2(8e) 0.150, 0.927, 0.368 0.154, 0.915, 0.376 0.139, 0.927, 0.369
H5(8e) 0.904, 0.925, 0.372 0.854, 0.914, 0.373 0.863, 0.925, 0.373
H6(8e) 0.255, 0.886, 0.446 0.257, 0.863, 0.471 0.252, 0.881, 0.455
N1(8e) 0.254, 0.050, 0.362 0.267, 0.050, 0.373 0.243, 0.051, 0.363
H3(8e) 0.454, 0.053, 0.369 0.521, 0.058, 0.382 0.474, 0.056, 0.373
H4(8e) 0.184, 0.082, 0.427 0.175, 0.093, 0.453 0.159, 0.089, 0.438
N2(4d) 0.250, 0.871, 0.250 0.284, 0.855, 0.250 0.244, 0.869, 0.250
H7(4d) 0.454, 0.864, 0.250 0.539, 0.852, 0.250 0.474, 0.858, 0.250
H8(4d) 0.184, 0.803, 0.250 0.214, 0.765, 0.250 0.156, 0.791, 0.250
(NH4)2(B12 H12);Fm3 B(48h) 0.000, 0.132, 0.081 0.500, 0.134, 0.582 0.500, 0.132, 0.581
H1(48h) 0.000, 0.223, 0.136 0.500, 0.230, 0.639 0.500, 0.227, 0.639
N(8c) 0.250, 0.250, 0.250 0.250, 0.250, 0.250 0.250, 0.250, 0.250
H2(32f) 0.205, 0.205, 0.205 0.194, 0.194, 0.194 0.194, 0.194, 0.194
Fig. 4 The total density of states (TDOS) obtained from calcula-
tions based on GGA and optPBE−vdW functionals for (BH2NH2)3 and
(NH4)2(B12H12) are given in (a) and (b), respectively. The solid (red) and
dashed (cyan)curves represent the TDOS obtained from optPBE-vdW
and GGA calculations.
Fig. 5 (a) and (b), respectively. The DOS distribution of B and
H(−1) show that the B−p and H(−1)−s states are energetically
degenerate from −2 eV to VBM indicating the presence of strong
covalent bond. Similarly, for the H(+1) neighboring to N the s
electrons are get well localized around −5.5 eV to −7.5 eV and
they are energetically degenerate with N−p states in this en-
ergy range indicating that there is noticeable covalent interaction
present between them. Because of this covalent hybridization,
bonding states are present in this energy range in the COHP of
N−H(+1) pair. It may be noted that the electronic states closer
to VBM will contribute to the covalent bonding stronger than the
electrons in the lower energy states. So, we conclude that the
covalent bonding interaction between B−H(−1) is stronger than
that between N−H(+1). This observation is consistent with the
Mulliken overlap population analysis made in section 3.3.5.
Comparing the PDOS of H(−1) and H(+1) we found that the
s−states of H(+1) is well localized and present in a narrow en-
ergy range (−8 eV to −5.8 eV). Also, the number of electrons in
the H(+1) site is much smaller than that of neutral H atom in-
dicating that this hydrogen is present in positive oxidation state.
On the other hand, H(−1)−s states are present in the whole VB
with a strong peak around −2 eV to VBM. Further, the presence of
relatively higher amount of electrons in the H(−1) sites than the
neutral H atom indicating that this hydrogen is in negative oxi-
dation states in consistent with various charge analysis discussed
later.
Let us now analyze the PDOS of constituents in
(NH4)2(B12H12). There is a well localized DOS distribution
present in both N−p and H(+1)−s DOS and are energetically
degenerate in the energy range −8 eV to −7 eV indicating the
covalent bonding between these atoms. However, very narrow
band features along with very small DOS distribution at the
H(+1) sites indicate the presence of ionicity. So, we can conclude
that the bonding interactions between N and H(+1) are of mixed
bonding behavior. It may be noted in Fig. 5 that H(−1) site has
three DOS peaks in the VB region. Interestingly, the boron DOS
also shows peaks feature in the same energy range. So, this DOS
feature can be considered as originating from B−p−H(−1)−s
covalent hybrid. However, the sharp feature present in the DOS
of B−p states and H(−1)−s states suggesting noticeable ionicity.
If we compare the H(−1) and H(+1) DOS, we have found that
there is very small states available in the H(+1) sites and also the
electrons present in the H(−1) sites are more than that of neutral
H atom clearly show the amphoteric behavior of hydrogen in
these systems.
It may be noted that the VB DOS for both systems have
molecular−like sharp features and this suggesting the molecu-
lar nature of crystal structure in these compound. Due to this
molecular−like structure the GGA calculated equilibrium inter-
atomic distance are predicted to be much smaller than one ex-
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Table 3 Optimized equilibrium unit cell parameters (in Å), equilibrium volume (in Å3) and the deviation from experimental volume (δ V in %) for
(BH2NH2)3 and (NH4)2(B12H12) obtained from GGA and various van der Waals interaction included functionals. The lattice parameters mentioned in
brackets are from the coresponding experimental measurements 22,66
(BH2NH2)3 (NH4)2(B12H12)
vdW−DFT Lattice parameter Cell volume δ V Bulk modulus Lattice parameter Cell volume δ V Bulk modulus
(Å) (Å3) (%) (GPa) (Å) (Å3) (%) (GPa)
GGA a=4.05(4.40) 22 630.04 4.38 8.40 a=10.74(10.87) 66 334.88 4.40 10.42
b=11.08(12.21) (603.57) (321.81)
c=10.32(11.22)
revPBE−vdW a=4.50 639.66 5.96 8.62 a=7.84 341.01 5.6 11.10
b=12.44
c=11.40
optPBE−vdW a=4.40 597.28 −1.05 10.82 a=7.71 324.41 0.8 12.97
b=12.16
c=11.14
optB88−vdW a=4.33 568.20 −5.87 12.74 a=7.62 313.66 −2.54 14.32
b=11.96
c=10.96
optB86b−vdW a=4.32 567.71 −5.95 12.32 a=7.61 312.59 −2.87 14.04
b=11.96
c=10.96
rPW86−vdW a=4.42 607.40 0.63 10.94 a=7.76 331.49 3.00 12.80
b=12.23
c=11.21
DFT−D2−vdW a = 4.33 545.78 −9.58 16.76 a=7.53 302.21 −6.1 16.93
b=11.97
c=10.97
DFT−D3−vdW a=4.33 569.38 −5.7 11.09 a=7.61 312.73 −2.83 13.43
b=11.97
c=10.97
TS−vdW a=4.29 556.59 −7.12 14.70 a=7.51 300.60 −6.66 17.18
b=11.92
c=10.92
TS+SCS−vdW a=4.29 560.60 −7.12 12.61 a=7.58 308.80 −4.05 13.02
b=12.08
c=11.02
TS−HI−vdW a=4.27 555.35 −7.99 12.38 a=7.50 298.39 −7.28 13.70
b=11.88
c=10.93
MBD−vdW a=4.51 642.25 6.4 5.94 a=7.54 303.72 −5.63 14.93
b=12.46
c=11.42
dDSc−vdW a=4.51 642.92 6.5 5.92 a=7.61 312.08 −3.03 14.33
b=12.46
c=11.42
pects for usual solids. This could also explain the importance of
van der Waals interaction in these systems to predict the struc-
tural properties correctly.
3.3 Chemical Bonding Analysis
3.3.1 Charge Density Analysis
In order to substantiate the amphoteric behavior of hydrogen and
the presence of finite covalent bonding between hydrogen and
its neighbors in (BH2NH2)3 and (NH4)2(B12H12), we have shown
charge density distribution for (BH2NH2)3 and (NH4)2(B12H12) in
Fig. 6(a) and 6 (b), respectively. In general, the spherical distri-
bution of charges around the atomic sites and the negligibly small
charge between the constituents describe the ionic bonding.74 In
contrast, the anisotropic charge distribution at the atomic sites
and finite charge distribution between the constituents is the in-
dication for covalent bonding. The small amount charge density
distribution around the B sites and its value is smaller than that
of the neutral B atom indicate that the B is in the positive ox-
idation state. There is a finite charge distribution between hy-
drogen and its neighbors and its directional dependent behavior
indicates the presence of a finite covalent bonding. The notice-
able spherical charge distribution at the hydrogen closer to B and
its value higher than that of neutral hydrogen atom indicates that
the charge transferred from the B is accumulated in these hydro-
gen sites. However, the finite charge between B and H as well as
between H atoms closer to B along with its non−spherical distri-
bution indicating the presence of covalent bonding between B−H
and H−H. So, one can conclude that the bonding interaction be-
tween B and hydrogen is mixed bonding with iono−covalent na-
ture. In order to quantify the covalent and the ionic interaction
we have also made various charge analysis schemes and are dis-
cussed later.
Let us now analyze the bonding interaction between N and
its neighboring hydrogen. As N is more electronegative than
the hydrogen, it draws the electron from neighboring hydrogen.
Because of this, the charge at the hydrogen sites are smaller
than that of neutral atomic hydrogen. However, there is a fi-
nite amount of charge present at this hydrogen sites showing that
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Fig. 5 The partial DOS for (BH2NH2)3 and (NH4)2(B12H12) in (a) and
(b), respectively obtained from optPBE−vdW functional at the equilibrium
volume.
Fig. 6 The calculated valance−electron density distribution in (a)
(BH2NH2)3 and (b) (NH4)2(B12H12). The electron density (unit of e/Å3)
is projected in a plane where both B−H and N−H bonds are available.
they have not completely donated all their electron to the neigh-
boring N. This indicates the presence of partial ionicity. Further,
the N−H bond length is very small (1.025 Å) and this is in con-
sistent with our above observation of positively charged H sur-
rounding the N sites. Our charge density distribution analysis
shows that the charge around the N atoms are not spherically dis-
tributed and also there is a finite charge exist between N and H
indicating the presence of finite covalent bonding between N−H.
So, the present charge density analysis shows beyond doubt that
hydrogen is showing amphoteric behavior in these systems. The
presence of partial ionicity in these systems are substantiated by
quantifying the charges at various sites using various charge ac-
counting schemes described below.
The B−N−H form a molecular complex as shown by our charge
density distribution plots for both the compounds and hence one
can conclude that these compounds can not be considered as
three dimensional solids and can be classified as molecular solids.
As there is weak inter−molecular interaction present within the
compound due to the molecular-like solid behavior, our GGA cal-
culations unable to predict reliably their equilibrium structural
parameters and hence we have used various van der Waals func-
tionals to predict their structural parameters reliably.
3.3.2 Electron Localization Function Analysis
Fig. 7 The calculated electron localization function (ELF) for (BH2NH2)3
and (NH4)2(B12H12) are shown in (a) and (b), respectively obtained from
optPBE−vdW functional calculation. The ELF distribution is shown for
the plane where the B−H and N−H bonds are present.
Electron localization function (ELF) is a property which quan-
titatively discriminates different kinds of bonding environments.
Generally, in a many−electron system, the value of ELF becomes
close to 1 in the region where electrons are paired to form a cova-
lent bond and also close to 1 for the region with an unpaired
electron of a dangling bond 75. Fig. 7 shows electron local-
ization function for (BH2NH2)3 and (NH4)2(B12H12) to demon-
strate the amphoteric behavior of H in these systems. The ELF
value in-between N and H(+1) in both the systems are very
closer to 1, which implicates the covalent type of interaction be-
tween N and H(+1). On the other hand, the ELF distribution
between B and H(−1) is relatively small suggesting that there is
an iono−covalent bond present between B and H(-1). Moreover,
due to the presence of weak inter molecular−like bonding inter-
action between B−H−N structural sub−units, there is negligibly
small ELF value present between them. In order to have a clear
picture on amphoteric behavior of hydrogen present in these sys-
tems, we have plotted the ELF isosurface for the value of 0.97 for
(BH2NH2)3 and (NH4)2(B12H12) in Fig. 8(a) and 8(b), respec-
tively. From this figure it is clear that the ELF distribution for hy-
drogen closer to N have smaller isosurface value than that closer
to B. So, the three dimensional visualization of ELF isosurface
show beyond doubt the presence of hydrogen with amphoteric
behavior in these systems.
3.3.3 Born Effective Charge Analysis
In order to have the deeper insight into the chemical bonding be-
tween constituents and the amphoteric behavior of hydrogen, we
have calculated the Born effective charge (BEC) and the values
are tabulated in Table 4. To calculate the Born effective charge
tensor we have used the Berry phase approach of the "Modern
theory of polarization".76 Let us first analyze the calculated BEC
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Fig. 8 Isosurface(value of 0.97) of the valance−electron localization
function for (BH2NH2)3 and (NH4)2(B12H12) are shown in (a) and (b) re-
spectively.
of constituents in (BH2NH2)3. As expected from the electroneg-
ativity difference between the constituents, there is a substantial
ionicity present in these systems. So, the B is in the positively
charged state and the H atoms surrounded by the B are nega-
tively charged state. Compared with H, the N atoms are more
electronegative and as a consequence of that they draw charge
from the H atoms making the H atoms around N are in a posi-
tively charged state. However, there is substantial covalent bond-
ing present between the constituents in this system introduce par-
tial ionicity. So, the average diagonal components of BEC always
shows a smaller value than the nominal ionic charge for all the
constituents. If this system is having pure ionic bonding, one
should except that B, N, H(−1), and H(+1) will have the BEC
value of +3, −3, −1 and +1, respectively. However, due to the
partial ionicity, the average diagonal components of BEC at B, N,
H(−1), and H(+1) are 0.95, −1.1, −1.05, and 0.26, respectively.
If it is a pure ionic system, the off−diagonal elements in the BEC
tensor are excepted to be zero. But, due to the presence of co-
valency, the off−diagonal elements in the BEC tensor has finite
values in all these constituents given in Table 4.
Let us turn our attention towards (NH4)2(B12H12) to analyze
the charge state of the constituents based on the calculated BEC.
In this compound, each B is surrounded by five B and one H as
neighbors. The charge density and DOS analyses show that there
is strong covalent bonding present between B with the neighbor-
ing B atoms. So, there is limited charge only available at the B site
to donate to the neighboring H atoms and hence the calculated
BEC at the H(−1) site is smaller (−0.698) than the nominal ionic
value of −1. Further, the anisotropic value of diagonal compo-
nents of BEC at both B and H(−1) sites along with the finite value
of off−diagonal elements of BEC indicate the covalent bonding
between B and H(−1). Due to relatively high electronegativity
of N, it draws more charge from the neighboring H sites make
these H into the protonic state. However, owing to the partial
covalency, the H neighboring to N are having a smaller average
value of BEC than the nominal ionic charge of +1. So, the cal-
culated BEC values confirm beyond doubt that the H atoms in
(BH2NH2)3 and (NH4)2(B12H12) are in an amphoteric state with
H atoms neighboring to B are in positive oxidation state, whereas,
that neighboring to N are in negative oxidation state.
3.3.4 COHP Analysis
In order to evaluate the bond strength between the involved
atoms, we have performed COHP analysis. The COHP interaction
between the involved atoms in (BH2NH2)3 and (NH4)2(B12H12)
are shown in Fig. 9 (a) and (b), respectively. A negative value
of COHP indicates bonding states and a positive value of COHP
will show anti−bonding states. The band filling of the bonding
states analyses show that one can obtain maximum stability when
all the bonding states are filled and the anti−bonding states are
empty. In the present study also, both the systems, all the bonding
states are present within the VB and hence they are filled and the
anti−bonding states are located in the CB and are empty making
these systems stable.
Fig. 9 COHP between constituents in (BH2NH2)3 and (NH4)2(B12H12)
are shown in (a) and (b), respectively obtained using optPBE−vdW func-
tionals.
If we analyse the calculated COHP between the constituents in
(BH2NH2)3 we found that the bonding states of N−H(+1) pair
are located from −8 eV to −5.8 eV and the anti−bonding states
are located above 5.8 eV. There is a noticeable covalent bond-
ing present in the N−H(+1) pair and hence the bonding states
are well localized around −5.8 eV. The observation of covalent
bonding behavior from COHP analysis is in consistent with that
from DOS analysis. On the other hand, for the B−H(−1) pair,
the bonding states are located in the entire VB region with three
distinct peaks at −5.4 eV, −3.3 eV, and −0.7 eV and the an-
tibonding states are located above 6 eV. The integarated COHP
(ICOHP) value upto Fermi level will give the bond strength of the
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Table 4 The calculated values in the Born effective charge tensor (Z∗) for the constituents of (BH2NH2)3 and (NH4)2(B12H12)obtained using the GGA
and optPBE−vdW functional.
Functional Average of Z∗(e)
the diagonal tensor Zxx Zyy Zzz Zxy Zyz Zzx Zxz Zzy Zyx
(BH2NH2)3
B GGA 0.950 0.768 0.958 1.126 −0.029 0.000 0.000 0.000 0.000 −0.090
B vdW 1.004 0.823 1.024 1.165 −0.031 0.000 0.000 0.000 0.000 −0.094
H(−1) GGA −0.349 −0.581 −0.241 −0.225 −0.033 0.000 0.000 0.000 0.000 0.080
H(−1) vdW −0.362 −0.601 −0.248 −0.239 −0.033 0.000 0.000 0.000 0.000 0.090
N GGA −0.781 −0.508 −0.949 −0.887 −0.004 0.183 −0.053 0.026 0.166 −0.025
N vdW −0.826 −0.524 −1.021 −0.935 −0.001 0.199 −0.073 0.024 0.176 −0.026
H(+1) GGA 0.262 0.298 0.189 0.300 −0.032 0.018 −0.001 −0.041 0.032 −0.011
H(+1) vdW 0.254 0.265 0.193 0.304 −0.031 0.015 −0.005 −0.031 0.029 −0.009
(NH4)2(B12H12)
B GGA 0.108 −0.123 0.178 0.023 0.000 0.105 0.000 0.000 0.184 0.000
B vdW 0.104 −0.159 0.149 −0.006 0.000 0.136 0.000 0.000 0.188 0.000
H(−1) GGA −0.232 −0.119 −0.372 −0.207 0.000 −0.168 0.000 0.000 −0.211 0.000
H(−1) vdW −0.248 −0.123 −0.401 −0.222 0.000 −0.165 0.000 0.000 −0.220 0.000
N GGA −0.443 −0.443 −0.443 −0.443 0.000 0.000 0.000 0.000 0.000 0.000
N vdW −0.670 −0.670 −0.670 −0.670 0.000 0.000 0.000 0.000 0.000 0.000
H(+1) GGA 0.422 0.422 0.422 0.422 0.151 0.151 0.151 0.151 0.151 0.151
H(+1) vdW 0.475 0.475 0.475 0.475 0.255 0.255 0.255 0.258 0.258 0.258
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bonding pair and hence we have calculated the ICOHP value be-
tween the constituents. The calculated ICOHP value for B−H(−1)
is −6.86 eV and that for N−H(+1) is −8.16 eV. This indicates
that the H(+1) ions are strongly bonded with the neighboring
N than H(−1) with B and hence it is expected that the H(−1) at-
tached to the B site can desorb relatively easily. Though the PDOS,
charge density, ELF and Mulliken population analyses show that
the covalent interaction between N and H (+1) is weaker than
that between B and H(−1), the ionic interaction between N−H
(+1) is stronger than that between B−H(−1) (please also see
other chemical bonding analyses). The complementary inter-
action from the ionic as well as covalent bonding to the bond
strength make N−H(+1) bond stronger than the B−H (−1) bond
as our analysis suggest.
The PDOS for N in (BH2NH2)3 show (Fig. 5) that there is a
broad peak in the lowest energy region of VB between −7.5 eV to
−5.7 eV and it may be noted that the N−H(+1) bonding states
are present around −6 eV. The states below −6 eV are dominated
by non−bonding states. Above this DOS distribution in VB, there
are finite DOS distributed around −3.8 eV, −1.8 eV, and −0.3 eV.
Among these DOS peaks, one around −3.8 eV and −1.8 eV are
contributing to B−N bonding hybrid, whereas, the DOS around
−0.3 eV are mainly having non−bonding character. The B−p DOS
contribute at the topmost region of VB is located between −2 eV
to VBM with two distinct peaks at −1.8 eV and −0.5 eV. Among
these two DOS peaks, one near the VBM is mainly contributed by
B−H bonding hybrid and the DOS around −1.8 eV is dominated
by non−bonding B−2p electrons. The calculated ICOHP value for
B−N pair is −7.97 eV and this indicates that its bond strength is
in between that of N−H and B−H bond.
The COHP analysis of (NH4)2(B12H12) reveals that the bonding
states of N−H(+1) pair is present in a very narrow energy range
around −7 eV and the anti−bonding states are located above
5.4 eV. This suggests that there is considerable covalent bonding
present between N and H(+1). However, the bonding states for
B−H(−1) pair is located in a broad energy range from −5 eV to
VBM and the anti−bonding states are located above 5.4 eV. In this
compound there is a substantial number of B−B pairs present and
the COHP of B−B pair has three distinct bonding states located
at −8.5 eV, −4.5 eV, and −0.5 eV and the anti−bonding states
are present above 5.4 eV. Apart from these three energy states,
there is finite DOS distributed around −2.5 eV and is contribut-
ing to B−H(−1) bonding hybrid. The calculated ICOHP values
for N−H(+1) and B−H(−1) bonding hybrids in this compound
are −8.52 eV and −6.52 eV, respectively indicating that H is rel-
atively weakly bonded with boron than with N. So, one would
expect that during the hydrogen decomposition process hydro-
gen neighboring to B will release first. The inter−atomic distance
between B and N in this compound is 2.93 Å and hence there is no
direct bonding pairs form between them. The calculated ICOHP
value for B−B pair is −4.44 eV and this indicate that the bonding
interaction between neighboring B atoms are weaker than that
between B−H as well as N−H.
3.3.5 Bader and Mulliken Charge Analyses
In order to quantify the bonding and estimate the electron
distribution at the participating atoms, we have calculated
Bader charges (BC) using Bader’s atoms−in−molecule approach.
Bader’s theory of atoms−in−molecule is often useful for charge
analysis.77,78 The theory provides a definition for chemical
bonding that gives numerical values for bond strength. The
zero flux surfaces in the charge density are used to define each
basin belonging to a particular atom. The charge assigned to this
atom is then obtained by integrating the charge density over the
whole basin. The BC of participating atoms in (BH2NH2)3 and
(NH4)2(B12H12) are calculated and tabulated in Table 5.
In (BH2NH2)3, the BC values for B and H(−1) are +1.85
e and −0.55 e, respectively. This suggests that +1.85 e are
transferred from B to H(−1). On the other hand, the BC value
for N and H(+1) are −1.60 e and +0.454 e, respectively which
indicates the presence of partial ionicity between N and H(+1).
The charge density distribution analysis also suggests that there
is a noticeable covalent character present between B and N,
and hence consistent with BC analysis. From the Table 5, it is
clear that N has the total charge of 4.0 electrons, in which 1.6
electrons are shared with its neighboring hydrogen atom and
the remaining electrons (i.e. for about 2.4 e) are shared with
neighboring B atoms in the system. The H(−1) and H(+1) BC
values in (BH2 NH2)3 clearly shows the presence of amphoteric
hydrogen in the system where H(+1) donated +0.461 electrons
to the host lattice and H(−1) accepted −0.583 electrons from
the neighboring constituents.
Table 5 The calculated Bader effective charge (BC in e), Mulliken effec-
tive charge (MC in e) at various sites in (BH2 NH2)3 and (NH4)2(B12H12).
Compound Atom site BC MC
(BH2 NH2)3 B 1.960 0.19
H(−1) −0.583 −0.09
N −1.635 −0.80
H(+1) 0.461 0.38
(NH4)2(B12H12) B 0.451 0.19
H(−1) −0.581 −0.03
N −1.311 −0.76
H(+1) 0.525 0.44
In (NH4)2(B12 H12), the BC of B and H(−1) reveals the
partial ionic interaction between B and H(−1), because, the
boron has transferred +0.451 electrons only to its neighboring
hydrogen (H(−1)). Moreover, there is covalent interaction
present between B and B, which we have already discussed in
the previous sections such as structural analysis, COHP analysis,
etc. Hence, it is evident that around 1.6 electrons are shared by B
with the neighboring B atoms in this system. The BC value for N
and H(+1) sites are −1.205 and +0.525 electrons, respectively.
Here, the H+1 attached to the nitrogen atom donated +0.525
electrons and the H(−1) attached to the boron accepted −0.581
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electrons and hence this confirms the presence of amphoteric
hydogen in this compound.79–81
The Mulliken charges (MC) calculated based on Mulliken pop-
ulation analysis82 for (BH2 NH2)3 and (NH4)2(B12H12) are listed
in Table 3. The overlap population between atoms give infor-
mation about the covalent bonding interaction. Let us first ana-
lyze the overlap population between H with its neighbors in (BH2
NH2)3. The calculated overlap population between B−H(−1) and
N−H(+1) are 1.03 and 0.70, respectively. In a pure ionic system,
the overlap population between the constituents will be negligibly
small. However, the noticeable amount of overlap charge presents
between H and its neighbors clearly indicating the presence of
covalency. The overlap population between B−H and N−H in
(NH4)2(B12H12) are 1.04 and 0.70, respectively. The present
Mulliken population analysis suggests that the B−H(−1) bond
is more covalent than the N−H(+1) bond in both these systems.
The calculated MC for B and H(−1) are 0.19 and−0.09 electrons,
respectively and that for H(+1) and N are −0.80 and 0.38 elec-
trons, respectively in (BH2 NH2)3. In (NH4)2(B12H12) also, the
MC at B and H(−1) are 0.19 and −0.09 electrons and that at N
and H(+1) are −0.76 and 0.44 electrons, respectively. Though
the calculated MC values are smaller than the corresponding BC
values, the Mulliken population analysis also shows the ampho-
teric behavior of hydrogen in these compounds.
4 Summary
Using ab−initio band structure method we have analyzed the
chemical bonding between the constituents in (BH2NH2)3 and
(NH4)2(B12H12).
• We have observed that the total energy vs volume curve
obtained from GGA calculation is (i.e. without vdW correc-
tion) overestimated with respect to experimental value by about
4.40%, and this indicates that the GGA functional unable to
account the interaction between the molecular−like structural
sub−units present in these systems.
• After considering 12 different van der Waals functionals into
the total energy calculations we have found that rPW86−vdW
and optPBE−vdW are more appropriate to predict structural
properties of molecular−like hydrides such as (BH2NH2)3 and
(NH4)2(B12H12). However, optPBE−vdW yield overall good
agreement with experimental equilibrium volume than other
functionals considered in the present study for both the systems
and hence results obtained based on optPBE−vdW was used for
further analysis.
• The DOS analysis clearly shows that (BH2NH2)3 and
(NH4)2(B12H12) have insulating behavior with the band gap value
of 5.44 eV and 4.74 eV, respectively. We found that the bonding
interaction between N−H(+1) and B−H(−1) are iono−covalent
character. The partial DOS analyses show the amphoteric behav-
ior of hydrogen in both the systems that hydrogen closer to B
has negative oxidation state and that closer to N has the positive
oxidation state.
• The charge density distribution and ELF analyses clearly
show that the bonding in B−H(−1) and N−H(+1) are mixed
iono−covalent character. From these analyses, we confirm the
presence of weak inter−molecular interactions in these systems.
The 3 dimensional visualization of ELF isosurface clearly demon-
strates the amphoteric behavior of hydrogen in these systems.
• The BEC analyses for (BH2NH2)3 and (NH4)2(B12H12) show
the presence of substantial covalent bonding and partial ionic-
ity in the bonding between constituents. The calculated BEC
from modern theory of polarization confirm that H atoms in
(BH2NH2)3 and (NH4)2(B12H12) are in amphoteric state with
H neighboring to B are in positive oxidation state whereas that
neighboring to N are in negative oxidation state.
• The COHP analysis between constituents in (BH2NH2)3 and
(NH4)2(B12H12) shows that there is strong bonding interaction
between the B−H and N−H pairs, compare to other constituents
pairs. From the calculated ICOHP values for various bonding
pairs we have found that hydrogen is strongly bonded with N
than with B and hence we conclude that during hydrogen des-
orption process the negatively charged hydrogen will be released
first in both the systems.
•The Bader and the Mulliken charge analyses, reveal that
there is a presence of noticeable covalency and partial ionicity
in the bonds between the constituents in both (BH2NH2)3 and
(NH4)2(B12H12) systems. The BC and MC values clearly show the
presence of amphoteric hydrogen in these compounds.
As we demonstrated here, it is possible to have hydrogen
storage systems where one can keep positively and negatively
charged hydrogen within the same structural framework. If one
can keep positively and negatively charged hydrogen ions adja-
cent to each other they can be placed much closer due to Coulom-
bic attraction between them than for example hydrogen in met-
als and hence improves the volumetric hydrogen storage capacity.
We hope that the present study will motivate further research in
this direction by identifying practical hydrogen storage materi-
als those possessing hydrogen with amphoteric behavior and thus
high volumetric capacity.
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